A coal mine hoisting system includes two parts, one is a constant-length cable system, and the other is a variable-length cable system. In this paper, the nonlinear dynamic modeling of a coal mine hoisting system is established through Hamilton's principle. e nonlinear partial differential equations of the coal mine hoisting system are discretized into ordinary differential equations by the fourth-order Galerkin truncation. e nonlinear dynamic responses and four key kinematic and structural parameter analysis of the coal mine hoisting system in the acceleration phases, constant velocity phases, and deceleration phases are given. e results show that the axial vibration displacements of the constant-length cable are an order of magnitude smaller than that of the variable-length cable. e load has the greatest effect on the axial vibration displacement of the hoisting cable. Adversely, the speed has the least effect on the axial vibration displacement of the hoisting cable.
Introduction
e shallow coal resources are depleted. e development and utilization of ultradeep coal resources are becoming more and more important in the future [1] . Mine hoisting equipment will develop in the direction of high speed, stability, heavy load, and ultradepth [2] . As the hoisting depth is greatly increased, the nonlinear vibration responses of the hoisting cable are more and more complex. e influence of kinematic and structural parameters on the hoisting system is becoming more and more important. erefore, the nonlinear vibration responses and the kinematic and structural parameter characteristics of the coal mine hoist are critical to improving the reliability, safety, and service life.
Many scholars have done some research on coal mine hoist [3] [4] [5] [6] [7] [8] .
e lateral vibration responses of the suspension rope based on sheave sway or load change are given [3, 4] . e effect of lateral vibration of the hoisting rope on the friction transmission stability in the mine friction hoist is studied through Adams simulation and test method. e increase in lateral vibration at the head sheave increases the instability of the friction [5] . e vibration equations of the multicable driven suspension platform systems during mine construction are derived by the constrained Lagrange equations. e theoretical results are verified by the Adams software [6] . e lateral vibration equation of the guide rope for the mine hoist is established. e influence of different factors on the guide rope characteristics is analyzed. A method for installing two guide ropes under multiboundary constraints is proposed [7] . e parameter optimization criterion is proposed for the suspension rope collision phenomenon of the multirope friction hoist [8] .
ere are few literatures on nonlinear vibration behavior of the coal mine hoist. e kinematic and dynamic model of the mine hoisting system is similar to the elevator system or the axially moving system [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . e stability problem of a nonlinear system is considered [22] . e theoretical solution for vibration of the elevator cable, where both ends are moving, is obtained by the virtual source of the waves. e finite difference analysis is used to prove the correctness of the theoretical solution [9] . e nonlinear vibration characteristics of the wire rope with the drum-driven elevator system are studied by the parameter expansion method. e results show that the natural frequency of the system is greatly affected by the initial condition [10] . e mathematical modeling and nonlinear dynamics with finite amplitude of the elastic suspension cable are given [11, 12] . Based on the energy method, the theoretical model for the coupled vibration response of the elevator system is established, and the model is verified by the experiments [13] . Mechanical and electrical models of the elevator system driven for the permanent magnet synchronous motor are established. e numerical simulation is carried out by the sliding mode controller to verify the robustness and good tracking control performance [14] . e nonlinear controller is used to stabilize the sway with the wire rope by Lyapunov theory [15] . e Lagrange method proposed the motion control equation of wire rope with the drum-driven elevator system. e frequency-amplitude relationship of the nonlinear vibration for the elevator rope is analyzed [16] . e autoresonance characteristics of the lateral vibration in the elevator time-varying rope and the initial boundary value of its lateral displacement due to boundary excitation are studied [17, 18] . e vertical vibration of the elevator car prompted by the torque ripple effect in the elevator system is studied. e vibration frequency of the elevator car is close to the vibration frequency generated by the machine by approaching the natural frequency [19] . A proportional model is established to predict linear transverse dynamics of the time-varying rope for the elevator system. A new model is derived to count natural frequency, mode shape, and vibration response of the stationary elevator and composite cable [20, 21] A control approach for a nonlinear system is proposed [23] .
Few researchers have researched the dynamic behavior and kinematic and structural parameter analysis of a mine hoisting system with constant length and variable length. e coal mine hoist is primarily subject to axial excitation of its parameters without being externally motivated. In this paper, the nonlinear vibration equations of coal mine hoisting system are obtained through Hamilton's principle. e fourth-order Galerkin truncation is used to discretize the vibration equations of the coal mine hoisting system. e nonlinear vibration behaviors and key kinematic and parameter characteristics of the hoisting system during the lifting or lowering process are analyzed. e rest of paper is organized as follows. In Section 2, the vibration mathematical model of the coal mine hoisting system are obtained and discretized. In Section 3, the nonlinear vibration behaviors and key parameter characteristics of the hoisting system are analyzed. In Section 4, the conclusions are given.
The Mathematical Model of a Coal Mine
Hoisting System 2.1. Characterization of the Mathematical Model. A coal mine hoisting system consists of two parts, one is a constant-length cable system, and the other is a variable-length cable system. e constant-length cable system and the variable-length cable system are coupled at the sheave. e model is shown in Figure 1 . A coal mine hoist structure includes a wheel, constant-length cable, sheave, variablelength cable, conveyance, and guides. In this paper, the contact point between the wheel and constant-length cable is reference coordinates O 1 X 1 Y 1 . e contact point between the sheave and variable-length cable is reference coordinates O 2 X 2 Y 2 . l 0 , l 1 , l 2, and l 3 are denoted as the contact point of the constant-length cable and the wheel, contact point of the constant-length cable and the sheave, contact point of the variable-length cable and the sheave, and contact point of the variable-length cable and the conveyance, respectively.
In this paper, the modeling is based on the assumptions as follows:
(1) e hoisting cable is uniform and continuous (2) e Young's modulus, mass per unit length, and cross-sectional area of the hoisting cable remain invariant (3) e slip line during operation is ignored (4) e torsional and transverse vibration responses of the hoisting cable are ignored (5) e elastic displacement due to axial vibration is greatly smaller than the length of hoisting cable e kinetic energy of the coal mine hoisting system is as follows:
Wheel Guides Variable-length cable C o n s t a n t -l e n g t h c a b l e Figure 1 : e model of a coal mine hoisting system.
where ρ is mass per unit length of the hoisting cable, m is the conveyance mass, V(t) is the hoisting speed of coal mine hoist, J is the inertia moment of the sheave, and R is the radius of the sheave. u(x,t) is the axial vibration displacements of the hoisting cable in x position. e subscript "c" represents the constant-length cable, and the subscript "v" represents the variable-length cable. e elastic potential energy of the coal mine hoisting system is as follows:
where E is Young's modulus of the hoisting cable, S is the cross-sectional area of the hoisting cable, T c is the static tension of the constant-length cable, and T v is the static tension of the variable-length cable. e static tension T c and T v are given as follows:
where θ is the angle of the constant-length cable and the horizontal plane, l c is the length of the constant-length cable, l v (t) is the length of the variable-length cable, and g is gravity acceleration. e gravitational potential energy of coal mine hoisting system is as follows:
During the movement of coal mine hoist, the hoisting cable and the sheave have sliding friction. e virtual work of the coal mine hoisting system is as follows:
where c f is the friction coefficient between the hoisting cable and the sheave. e initial boundary condition of the coal mine hoisting system is as follows:
rough Hamilton's principle, the motion of coal mine hoisting system between initial time t 1 and final time t 2 is as follows:
According to Equation (7), the axial vibration equations of the hoisting cable are obtained as follows:
Equations (8) and (9) are the axial governing equations of the constant-length cable and the variable-length cable in coal mine hoist, respectively. e axial vibrational displacements of the constantlength cable and the variable-length cable are coupled at the sheave. erefore, the axial vibration displacement relationship between the constant-length cable and the variable-length cable is as follows:
where d is contact length between the cable and head sheave. e boundary governing equation of the coal mine hoisting system at the sheave is given as follows:
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e boundary governing equation of the coal mine hoisting system at conveyance is given as follows:
Discretization of Mathematical
Model. e purpose of discretization is to discretize the differential equations that are difficult to solve into ordinary differential equations that are easy to solve. In this paper, the spatial partial differential vibration equations are discretized into ordinary differential equations by fourth-order Galerkin truncation [24] .
To facilitate the analysis of the model, an independent variable β � x/l is defined. A domain [0,l] for x is transformed into a fixed domain [0,1] for β. e axial vibration displacements of the constant-length cable and variable-length cable are determined as follows:
e axial vibration displacements of the constant-length cable and variable-length cable are approximated as follows:
where κ i (β) and λ i (β) are trial functions of the constantlength cable and variable-length cable, respectively, and p(t) and q(t) are generalized coordinates of the constant-length cable and variable-length cable, respectively. e trial functions κ i (β) and λ i (β) are expressed as follows:
By the independent variable β, the partial derivatives of the constant-length cable are as follows:
e partial derivatives of the variable-length cable are as follows:
4 Mathematical Problems in Engineering e discretized differential equations of the constantlength cable and variable-length cable in coal mine hoist are given as follows:
where
e discretized differential equations are solved to obtain generalized coordinates p i (t) and q i (t). Inserting generalized coordinates into Equations (13) and (14), the axial vibration displacements of the constant-length cable and variablelength cable are obtained.
Results and Discussion
According to the mathematical model of the coal mine hoisting system, the real effect of the typical structural parameters on the hoister is analyzed. e coal mine hoist parameters are shown in Table 1 .
e axial vibration behaviors of coal mine hoist are different from the lifting or lowering process due to the timevarying characteristics of the cable. In order to prevent misoperation, it is assumed that the load of the coal mine hoist is full in lifting and lowering. e hoisting pattern of the coal mine hoist is shown in Figure 2 . e kinematic parameters of the coal mine hoist are as follows: the coil mine depth is 1580 m, the maximum velocity is 15 m/s, the maximum acceleration is 0.75 m/s 2 , the hoisting time is 120 s, and the conveyance mass is 4 × 10 4 kg. e axial vibration displacements of the hoisting cable are shown in Figures 3 and 4 . From the acceleration phases to the constant velocity phases and from the constant velocity phases to the deceleration phases, the axial vibration displacements of the hoisting cable changes significantly. e length of the constant-length cable is much shorter than the variable-length cable in coal mine hoist. erefore, the axial vibration displacements of the constant-length cable are at an order of magnitude smaller than the variable-length cable.
e axial vibration characteristics of the constantlength cable in lifting and lowering are similar because the length of the constant-length cable is constant. e length of the variable-length cable is time-varying; thus, axial vibration characteristics of the variable-length cable in lifting and lowering process are different. e axial vibration frequency of variable-length cable in lifting process is greater than that in lowering process. is shows that the axial vibration of the lifting process is intense compared to the lowering process. However, the maximum axial vibration displacement of the variable-length cable in the lifting process is similar to the downward process, which occurs near the bottom of the shaft. Gravity acceleration g (m/s 2 ) 9.8
Mathematical Problems in Engineering e coal mine hoist develops in the direction of high speed, high stability, heavy load, and ultradeep. e effects of kinematic and structural parameters such as hoisting load, hoisting height, hoisting acceleration, and hoisting velocity on the axial vibration responses of hoisting cable are not negligible. In the three operating phases of acceleration, constant velocity, and deceleration, the axial vibration responses of the hoisting cable is different. In this paper, four typical parameters of hoisting load, hoisting depth, hoisting acceleration, and hoisting velocity are discussed. e effects of four parameters on maximum axial vibration displacement of the hoisting cable in acceleration phases, constant velocity phases, and deceleration phases are analyzed. constant-length cable showed a downward trend, while the variable-length cable showed an upward trend. is is because a constant-length cable is of constant length and a variable-length cable is of time-varying length. When the coal mine hoister is in the lowering process, the vibration displacements of the hoisting cable in the deceleration phases are less affected by self-tension. e vibration displacements and depths of the hoisting cable are linear. However, the axial vibration displacements of the hoisting cable in deceleration phases are greatly affected by self- hoisting cable. e velocity change has the least influence on the axial vibration of the hoisting cable. e influence of depth and acceleration change on the axial vibration of hoisting cable are less than the load change and greater than the speed change. erefore, during the operation of the coal mine hoist, overload operation should be prohibited. To increase the working efficiency of the coal mine hoist, the running velocity can be appropriately increased. In the acceleration phases, the axial vibration displacements have a linear relationship with the structural parameters. In the deceleration phases, the axial vibration displacements have a nonlinear relationship with the structural parameters. In the constant velocity phases, the different parameters in the lifting or lowering process need to be differently analyzed.
Conclusions
In this paper, the mathematical equations of the coal mine hoisting system are established by Hamilton's principle. e nonlinear vibration behaviors and key kinematic and structural parameters influences of the hoisting system are analyzed when the coal mine hoist is lifting or lowering. e results are shown as follows:
(1) From acceleration phases to constant velocity phases and from constant velocity phases to deceleration phases, the axial vibration displacements of the hoisting cable changes significantly. e maximum axial vibration displacement of the constant-length cable is an order of magnitude smaller than the variable-length cable. e maximum axial vibration displacement of the hoisting cable in lifting process is similar to the lowering process. (2) In the acceleration phases, the axial vibration displacements have a linear relationship with the structural parameters. In the deceleration phases, the axial vibration displacements have a nonlinear relationship with the structural parameters. In the constant velocity phases, the different parameters and the hoisting process need to be analyzed. (3) e load change has the greatest effect on the maximum axial vibration displacements of the hoisting cable. e velocity change has the least influence on the maximum axial vibration displacements of the hoisting cable. e influence of depth and acceleration change on the maximum axial vibration displacements of the hoisting cable are less than the load change and greater than the velocity change. During the operation of the coal mine hoist, the overload operation should be prohibited. To increase the working efficiency of the hoist, the running velocity can be appropriately increased.
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